The diffusivities of boron in silicon oxide and oxynitride have been determined from secondary ion mass spectroscopy measurements of annealed metal-oxide-silicon structures. The results clearly show a decrease in diffusivity with increasing anneal time which is approximately exponential in form. This effect implies a similar time dependence in the concentration of a secondary species, such as hydrogen, or a defect within the dielectric, which promotes diffusion even in a nominally pure oxide. © 1999 American Institute of Physics. ͓S0003-6951͑99͒03207-6͔
Boron diffusion is an increasingly important issue in p-type metal-oxide-silicon field-effect transistors (pMOSFETs). Under high temperature processing, boron can diffuse out of the doped polycrystalline-Si gate, through the thin gate dielectric, and into the substrate, causing a shift in the threshold and flat-band voltages of the device. [1] [2] [3] [4] However, the nature of boron diffusion in silicon oxides and oxynitrides has only recently been investigated. [5] [6] [7] [8] [9] [10] [11] Here we report an important new observation regarding the nature of this diffusion process, namely that there is a significant time dependence to the observed diffusivity of boron.
A hint at this time dependence can be found in the report of a prior study of boron diffusion by Aoyama et al. 12 The data published in that letter show that longer anneal times universally resulted in a lower diffusivity. However, this trend was not commented on by the authors, and unfortunately too few anneal times were reported at a given anneal temperature to allow the quantification of the time dependence. To carefully examine this issue we have performed a study of the effects of anneal time on B diffusion in thin gate oxides and oxynitrides, and have clearly resolved and quantified a systematic decrease in the effective dielectric diffusivity with anneal time. This suggests that a secondary species or defect is present which promotes diffusion, even in the nominally pure silicon oxide, and which has a similarly time-dependent concentration.
The dielectric and substrate boron diffusivities were measured in two types of MOS structures. The first used a pure oxide gate dielectric, grown at 1050°C in a rapid thermal processor ͑RTP͒, in atmospheric pressure O 2 . The second used an oxynitride, grown at 1050°C in a RTP, in pure N 2 O. Thus, the growth temperatures and thermal history of both the oxide and oxynitride were identical, to eliminate any possible effect this might have on boron diffusion. All dielectrics were grown on 3-in. prime grade Si wafers, to a thickness of 45 Å, as measured ellipsometrically. We measured the nitrogen profile of the oxynitride using an x-ray photoelectron spectroscopy ͑XPS͒ etch-back technique described elsewhere. 13 The result is shown in Fig. 1 , and indicates an average nitrogen concentration of 1.4 at. %. After growing the oxynitride, we deposited 1000 Å of in situ diborane-doped polycrystalline Si, using low pressure chemical vapor deposition ͑LPCVD͒. The boron density in this source layer was measured with secondary ion mass spectroscopy ͑SIMS͒ at 8ϫ10
19 B/cm 3 . The samples thus fabricated were annealed at 1000°C for 35-140 min. The first minute of the anneal was performed in O 2 , to form an oxide on the surface which prevents dopant loss. The remainder of the anneal was performed in N 2 . These anneals are listed in Table I .
Following the anneal, SIMS was used to measure the resultant B distribution profile in the substrate. To obtain the most accurate profiles, we found it necessary to first strip the polycrystalline Si and the dielectric layer. 11 The surface oxide grown on top of the polycrystalline Si was removed with a buffered HFϩNH 4 F solution. Next the polycrystalline Si was removed using chlorine-based reactive ion etching ͑RIE͒. Finally, the gate dielectric was removed by dipping in the buffered HF solution. SIMS for each sample was then performed by Charles Evans Associates using O 2 ϩ . The SIMS profiles for several samples are shown in Fig. 2 . Anomalous peaks at the surface of the Si, possibly due to environmental contamination, were removed from all of the data sets, leaving a small gap at the surface in the profiles. The boron concentrations for the shorter anneals were near the detection limit of the SIMS (10 14 B/cm 3 ). However, for all of the samples studied the data were sufficient to reliably determine both the dielectric and substrate diffusivities.
To obtain these boron diffusivities, we fit the SIMS pro- 
Here C 0 is the boron concentration in the polycrystalline Si source; d is the thickness of the dielectric, 45 Å in our case; x is the distance into the Si substrate, with xϭ0 at the dielectric-substrate interface; t is the duration of the anneal, 5 h. We use DЈ to indicate the effective diffusivity of boron in the dielectric ͑oxide or oxynitride͒. Subsequently we will use D ox Ј and D on Ј to indicate the diffusivity in the oxide or oxynitride, respectively. D sub is the diffusivity in the Si substrate. The segregation coefficient is given by mϭC Si /C ox , the boron concentration in the silicon divided by the concentration in the oxide or oxynitride. At 1000°C, the best evidence indicates that mϭ0.55, 15 and we assume this value is valid for the oxynitride as well. The series in Eq. ͑1͒ converges rapidly, so in general only the first few terms need to be evaluated.
By fitting the SIMS data to this analytical function, using DЈ and D sub as free parameters, we extracted ''effective diffusivities'' for both the substrate and the dielectric. We refer to the fitted diffusivities as ''effective'' because this fitting method is not strictly exact, due to the observed time dependence which we will discuss later. For the fitting routine, we used a least-squares ( 2 ) method, with equal to the difference in the logarithms of the data and the trial function. Using a logarithmic provided the most appropriate weighting to the data.
As noted above, our analysis assumes that both the oxide and the oxynitride have the same segregation coefficient m, and therefore assumes that the difference in the B flux through the oxide and oxynitride is due primarily to differences in the dielectrics' diffusivities. 10 It is of course possible that m could change upon the addition of nitrogen to the dielectric. However, for this to account for the difference in the SIMS profiles for identical anneal conditions, the segregation coefficient for the oxynitride would need to be approximately mϭ1.5, with a segregation between an oxynitride and a pure oxide of mϭ2.7.
11 To date, there has been no data reported to support such a large change in m with light nitridation, and at this point the available evidence strongly indicates that in the oxynitride the decrease in B diffusivity is due to the role of incorporated N in blocking substitutional diffusion pathways. 10, 11 The results of the fits to Eq. ͑1͒, using DЈ and D sub as free parameters, are plotted along with several of the raw SIMS profiles in Fig. 2 ͑dotted lines͒. The fitted diffusivities for all of the samples are given in Table I . The most important trend in the data is the increase in dielectric diffusivity with anneal time, which is shown graphically in Fig. 3 . We   FIG. 2 . Boron SIMS profiles for samples N1, O1 ͑35 min anneal͒, N6 and O6 ͑110 min anneal͒. The polycrystalline Si gate and the dielectric were removed prior to profiling. The depth represents the distance from the original Si dielectric interface. The dotted lines are fits to Eq. ͑1͒, the results of which are given in Table I. FIG. 3. Boron diffusivity in the silicon oxide ͑upper data set͒ and the oxynitride ͑lower data set͒, listed in Table I . The horizontal axis is the anneal time of the MOS structure at 1000°C. The dotted lines are from fits to an exponential function, given in Eq. ͑2͒. The decrease in diffusivity with increasing anneal time is clear in both data sets. TABLE I. Boron diffusivity for a series of annealed MOS structures, using either a pure oxide, or the oxynitride shown in Fig. 1 . The diffusivity was calculated by fitting the SIMS depth profiles ͑Fig. 2͒ to Eq. ͑1͒. All dielectrics were 45 Å thick. The anneals were performed at 1000°C for the indicated time. The dielectric diffusivities are plotted in Fig. 3 . Samples N1-N8 are oxynitrides, with the nitrogen profile given in Fig. 1 Table I , show more of an apparently random component to the variation in D sub from sample to sample. However, the data are sufficient to also indicate on average an overall decrease in substrate diffusivity with anneal time, and that D sub is greater for the oxynitrides. This is also shown directly in Fig. 2 , where we compare the SIMS boron profiles for samples O6 and N6. The profiles cross approximately 150 nm into the Si substrate. This crossing can only be explained by a difference in substrate diffusivities.
At this time we cannot offer a final explanation for the time dependence in Fig. 3 . The most likely explanation appears to be that a secondary species is present in the nominally pure dielectrics, and that the concentration of this species has a similar time dependence. Evidence of the same effect in results from Aoyama et al. 12 suggests that this effect is not a pecularity of our experimental process. One plausible candidate is hydrogen, which is known to enhance the B diffusivity. 16 If the density of free hydrogen in the dielectric decreases the anneal progresses, the result would be a decrease in the diffusivity. An alternative possibility is that there is a time-dependent concentration of defects in the asgrown oxide and oxynitride dielectric, and that these defects promote the rearrangement of the SiO 4 tetrahedra that necessarily occurs during the substitutional diffusion of boron. 10, 11 Whatever the cause, this time dependence of the dielectric diffusivity has important implications, both for understanding diffusion and for process modeling of advanced MOS device technology. In most analyses of boron diffusion in gate oxides and oxynitrides, it has been assumed that the diffusivity is independent of anneal time, and that comparisons of films annealed under different conditions are therefore straightforward. However, our results indicate that this simple model is not accurate. Specifically, generalizations of diffusion to the Arrhenius equation, and the comparison of oxides and oxynitrides annealed for different times, both of which are common practices, appear to be of limited validity. In the process modeling of MOS technology the diffusivities which are used are usually derived from annealing experiments that are much longer than what a typical MOS circuit experiences in fabrication. Based on Fig. 3 , this diffusivity may be too low by as much as a factor of 3. Thus we conclude that previous methods may significantly underestimate the gate dielectric thickness where boron penetration begins to become a concern in a given process.
